Nitric oxide (NO) has an important role in modulating the pulmonary vascular tone. NO acts, in part, by stimulating soluble guanylate cyclase (sGC) to synthesize the intracellular second messenger cyclic GMP. In vascular smooth muscle cells, sGC is a heterodimer composed of ␣1 and ␤1 subunits. The objective of this study was to test whether oxygen concentration regulates sGC expression in cultured rat pulmonary artery smooth muscle cells (rPaSMC). rPaSMC were exposed to 0, 3, and 20% oxygen for 1-48 h, and sGC subunit mRNA levels were measured. Compared with rPaSMC exposed to 20% oxygen, sGC ␣1 and ␤1 subunit mRNA levels were markedly decreased in rPaSMC exposed to 0% and 3% oxygen. The decrease in sGC subunit mRNA levels in hypoxic rPaSMC was detected as early as 6 h of exposure. Compared with rPaSMC exposed to 20% oxygen, exposure of rPaSMC to 3% oxygen progressively decreased sGC subunit protein levels at 24 and 48 h. There was also a 30% and 50% decrease in sGC enzyme activity in cells exposed to hypoxia for 24 and 48 h (P Ͻ 0.05 and P Ͻ 0.001, respectively, as compared with cells maintained in normoxia). These results demonstrate that hypoxia decreases sGC expression in cultured pulmonary artery smooth muscle cells and suggest that, in hypoxic vascular smooth muscle, decreased cyclic GMP synthesis may limit the vasodilator response to NO.
In contrast to the systemic vasculature, the pulmonary arterial vasculature is a low resistance system, which responds to decreased oxygen tension with vasoconstriction and vascular remodeling. The expression and release of several vasoactive substances, such as the vasoconstrictor endothelin or the vasodilator nitric oxide, appear to be altered in response to acute or chronic hypoxia (1) (2) (3) . Endothelial-derived nitric oxide (NO), which results from the conversion of L-arginine to L-citrulline through the action of endothelial nitric oxide synthase 3 (NOS3), has a critical role in the regulation of pulmonary vascular tone (4) .
NO acts, in part, through stimulation of soluble guanylate cyclase (sGC) to convert GTP to cyclic GMP (5) . sGC is a heterodimer composed of ␣ and ␤ subunits, which are both necessary for catalytic activity (6) . Two isoforms of each subunit (␣1, ␣2, ␤1, and ␤2) are encoded in the rat genome (7) , with ␣1 and ␤1 subunits being the predominant isoforms in the lung and vascular smooth muscle cells (8) . Although the effects of oxygen tension on the expression of NOS have been extensively studied in vitro (2, 9) and in vivo (3, 10, 11) , information related to the modulation of sGC by oxygen is scant and controversial. Crawley and colleagues reported that sGC function was impaired in pulmonary arteries from rats exposed to 10% oxygen, leading to decreased sodium nitroprusside-induced cyclic GMP (cGMP) accumulation and vasorelaxation (12) . On the other hand, Li and coworkers recently reported that sGC levels were increased in lungs from rats exposed to 10% oxygen (13) . The objective of this study was to investigate the regulation of sGC in cultured rat pulmonary artery smooth muscle cells (rPaSMC) in response to varying concentrations of oxygen. The results indicate that hypoxia decreases sGC expression in these cells.
Materials and Methods rPaSMC
Cultures of rPaSMC were prepared from explants of endothelium-and adventitia-stripped pulmonary arteries of adult Sprague-Dawley rats, as previously described by Yu and colleagues (14) . The cells were maintained in RPMI supplemented with 10% NuSerum (Collaborative Biomedical Products, Bedford, MA), penicillin, and streptomycin and were studied between passages 3 and 10.
Exposure of Cells to Oxygen
Cells were placed in humidified airtight incubation chambers (BillupsRothenberg, Del Mar, CA) and gassed with the desired concentration of oxygen (0, 3, and 20% oxygen), 5% CO 2 , and balance N 2 . The chambers were maintained in a New Brunswick incubator for the duration of exposure. The concentration of oxygen in the chambers was routinely checked using an oxygen analyzer (Beckman LB-2 O 2 analyzer, Fullerton, CA) and was consistently within 2% of the desired level. The partial pressures of oxygen in cell culture media were typically 140-150 mm Hg for 20% oxygen exposure, 20-40 mm Hg for 3% oxygen, and 7-10 mm Hg for 0% oxygen. The concentration of CO 2 in the chambers was also monitored (Beckman OM-11 CO 2 analyzer) and was consistently 4-6%. Exposure of SMC to 0, 3, and 20% oxygen for up to 48 h did not cause cell toxicity as routinely determined by cell morphology under phase contrast microscopy and trypan blue exclusion.
RNA Blot Hybridization
RNA was extracted from rPaSMC in RNAzol according to the manufacturer's instructions. Total cellular RNA (10 g) was fractionated in 1.3% agarose-formaldehyde gels containing ethidium bromide, transferred to nylon membranes (MAGNA CHARGE; Micron Separations, Westborough, MA), and hybridized with 32 P-radiolabeled rat sGC ␣1 and ␤1 subunit cDNA probes, as described previously (15, 16) . Equal loading of RNA on gels was confirmed by staining 28S and 18S ribosomal RNA with ethidium bromide. All RNA blots shown are representative of at least three experiments. Films were scanned using a Color Imager Scanner (Seiko Epson Corp., Tokyo, Japan) and the National Institutes of Health Image 1.44 software. mRNA levels were estimated from the ratio of the absorbance on X-ray films corresponding to the sGC subunit mRNA divided by the absorbance on photographs corresponding to 28S ribosomal RNA.
Immunoblots for Rat sGC ␣1 and ␤1 Subunits rPaSMC were homogenized in buffer containing 50 mM Tris-HCl (pH 7.6), 1 mM EDTA, 1 mM dithiothreitol, and 2 mM phenylmethylsulfo-nyl fluoride. Extracts were centrifuged at 100,000 ϫ g for 1 h at 4ЊC. Cell supernatants containing 30 g of protein were fractionated by 8% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), transferred electrophoretically to nitrocellulose filters (Micron Separations Inc.), and incubated with polyclonal antisera directed against the rat sGC ␣1 or ␤1 subunit, as described previously (16, 17) . Bound antibodies were detected using horseradish peroxidase-protein A, enhanced chemiluminescence (Enhanced Chemiluminescence Kit; Amersham Life Sciences, Arlington Heights, IL) and exposure to X-ray film. Coomassie blue staining was performed on all SDS-polyacrylamide gels run in parallel to ensure equal protein loading. Films were scanned using a Color Imager Scanner (Seiko Epson Corp., Tokyo, Japan) and the National Institutes of Health Image 1.44 software. sGC subunit protein concentrations were estimated by measuring the absorbance on X-ray films corresponding to each sGC subunit.
Intracellular pH Measurements
rPaSMC were placed in a laminar flow cell chamber perfused with physiologic saline solution containing (in mM): 118.3 NaCl, 4. 
Soluble Guanylate Cyclase Enzyme Activity
sGC enzyme activity was measured, as described by Mittal (18) , in cell extracts containing 30 g of protein incubated for 10 min at 37ЊC in a reaction mixture containing 50 mM Tris-HCl, pH 7.5, 4 mM MgCl 2 , 0.5 mM 1-methyl-3-isobutyl-xanthine, 7.5 mM creatinine phosphate, 0.2 mg/ml creatinine phosphokinase, 1 mM GTP, and 1 mM sodium nitroprusside. The reaction was terminated by addition of 0.9 ml 0.05 N HCl and boiling for 3 min. Newly synthesized cGMP was measured in the reaction mixture using a commercial RIA kit (Biomedical Technologies, Inc., Stoughton, MA). The enzyme activity was expressed as picomoles of cGMP produced per minute per milligram protein in the cell supernatant (mean Ϯ SD). sGC enzyme activities were compared by a factorial model of ANOVA. When significant differences were detected, Fisher's analysis was used post hoc to compare groups. Significance was declared if P Ͻ 0.05.
Results

Exposure of rPaSMC to Hypoxia Decreases sGC Subunit Gene Expression
To examine the effects of hypoxia on sGC expression, sGC subunit mRNA levels were compared in rPaSMC exposed to 3% and 20% O 2 for various periods of time. To avoid differences in cell confluence between groups, all cells were collected at the same time after the desired oxygen and time exposure. As described previously (16) , high levels of sGC subunit gene expression were detected in normoxic rPaSMC (Figure 1 ). Exposure of rPaSMC to 3% oxygen for 6 and 24 h significantly decreased sGC ␣1 and ␤1 subunit mRNA levels ( Figure 1) . A further decrease in mRNA levels was observed when cells were exposed to 3% oxygen for 48 h (results not shown).
To determine the effects of oxygen concentration on sGC subunit gene expression, confluent rPaSMC were exposed to 0, 3, and 20% oxygen for a period of 24 h. As shown in Figure 2 , sGC subunit mRNA levels correlated with the oxygen concentration to which the cells were exposed, with a progressive decrease in sGC subunit ␣1 and ␤1 mRNA levels in cells exposed to 3% and 0% oxygen, as compared with cells maintained in 20% oxygen. Exposure to 0, 3, and 20% oxygen for 24 h did not cause cell toxicity as determined by cell morphology under phase contrast microscopy or trypan blue exclusion. To further confirm that the decrease in sGC subunit mRNA levels in hypoxic RPaSMC was not attributable to cell toxicity, rPaSMC were exposed to hypoxia (3% oxygen) for 24 h and then returned to normoxia for another 24 h (total of 48 h exposure) before collection. sGC subunit mRNA levels did not differ in rPaSMC exposed to normoxia for 48 h from that in rPaSMC exposed to hypoxia for 24 h followed by normoxia for 24 h (not shown).
Hypoxia Decreases sGC Subunit Protein Levels and NO-Stimulated sGC Activity
To determine whether the hypoxia-induced decrease in sGC subunit gene expression was associated with a decrease in sGC subunit protein levels, cytosolic extracts of rPaSMC exposed to 3% oxygen for 24 and 48 h were fractionated by SDS-PAGE. Effect of oxygen concentration on sGC subunit mRNA levels RNA extracted from rPaSMC that had been exposed to 0, 3, and 20% oxygen for 24 h was hybridized with sGC subunit cDNAs. A photograph of 28S ribosomal RNA in the ethidium-containing agarose gel is shown to confirm equal loading of RNA samples. sGC ␣1 and ␤1 subunit mRNA levels correlated with the oxygen concentration to which the cells were exposed, such that the lowest levels were observed at 0% oxygen.
Proteins were transferred to nitrocellulose membranes, which were then incubated with sGC subunit-specific antisera. Both sGC ␣1 and ␤1 subunits were detected in normoxic rPaSMC ( Figure 3A) . Following exposure to 3% oxygen, there was a progressive decline in ␣1 and ␤1 subunit protein levels at 24 and 48 h of exposure. At the end of the 48-h exposure to hypoxia, the residual protein expression for both subunits was 30% of control normoxic cells ( Figure 3B ).
To examine whether the decrease in sGC subunit mRNA Figure 3 . Exposure of rPaSMC to hypoxia decreases ␣1 and ␤1 sGC protein expression. (A ) Immunoblots were prepared from extracts of rPaSMC incubated under hypoxic condition for 24 and 48 h. sGC subunit levels were measured using isoform-specific anti-sGC subunit antisera. Coomassie blue staining of the gels was used to ensure equal protein loading. Levels of sGC ␣1 and ␤1 subunit protein were decreased at 24 h with a further decrease at 48 h. (B ) Densitometric assessment of ␣1 (black bars) and ␤1 (gray bars) subunit protein expression (n ϭ 3 for each evaluation). Expression for both subunits at 48 h of hypoxic exposure was reduced to 30% of control (normoxic) expression. *P Ͻ 0.002 versus control. ϩ P Ͻ 0.0002 versus control.
and protein levels in hypoxic cells caused a similar decrease in sGC enzyme activity, rPaSMC were exposed to normoxia (20% oxygen) or hypoxia (3% O 2 ) for 24 and 48 h. After exposure, cytosolic extracts were prepared and NO-stimulated sGC activity was measured. As shown in Figure 4 , exposure to 3% oxygen for 24 and 48 h decreased NO-stimulated sGC enzyme activity by 30% (P Ͻ 0.05 versus control normoxic cells) and 50% (P Ͻ 0.001 versus control normoxic cells), respectively. However, exposure to 3% O 2 for 24 or 48 h did not alter intracellular Hϩ anion concentration or pH ( Figure 5 ), suggesting that, unlike changes previously reported from cardiomyocytes (19), the decrease in cGMP synthesis in response to hypoxia was not due to pH alteration.
Discussion
Endothelial-derived NO and its major target in smooth muscle cells, sGC, are thought to play an important role in maintaining a low resistance in the pulmonary vascularature. Through stimulation by NO, sGC converts GTP to cGMP, an intracellular second messenger that activates cGMP-dependent protein kinase as well as other cGMP receptor proteins, resulting in relaxation of smooth muscle cells among other phenomena. The distribution of sGC throughout the pulmonary vasculature is uneven, with greater expression reported to be present in venules and capillaries as compared with proximal pulmonary arteries (13, 20) . There are also significant differences in sGC expression between the fetal and adult lungs. sGC is thought to play a significant vasodilatory role in the developing lung as evidenced by the abundant distribution of this enzyme in resistance vessels (small arteries and preacinar veins) of the fetal pulmonary circulation (21) . Although abundant pulmonary sGC remains present in the perinatal period, presumably contributing to the profound NO-mediated pulmonary vasodilation characteristic of that period (15) , there appears to be comparatively less staining in the adult circulation, in particular in large and medium-sized pulmonary arteries (13) . However, the importance of the sGC system in the control of pulmonary vascular tone in the adult lung is illustrated by the fact that inhibitors of cGMP-specific phosphodiesterases can significantly vasodilate the pulmonary circulation (22) and enhance the effect of NO (23) . Therefore, changes in sGC expression are likely to affect physiologic responses to NO, such as vasorelaxation, and cell functions regulated by activation of cGMP-dependent protein kinases and other cGMP receptor pro- Figure 4 . Exposure of rPaSMC to hypoxia significantly decreases sGC enzymatic activity NO-stimulated sGC enzyme activity was measured in extracts of rPaSMC incubated in normoxia (control) and hypoxia for 24 and 48 h. NO-stimulated sGC enzyme activity decreased in hypoxic rPaSMC by 30% and 50% at 24 and 48 h, respectively. *P Ͻ 0.05 versus control. ϩ P Ͻ 0.001 versus control. teins (24) . In this report, we observed that sGC subunit mRNA and protein levels, as well as NO-stimulated sGC activity, were significantly decreased in pulmonary artery smooth muscle cells exposed to low oxygen concentrations for up to 48 h. Several factors are known to regulate smooth muscle cell sGC expression. In rPASMC, NO and NO donors decrease sGC subunit mRNA stability by transcription-and translationdependent mechanisms (17) associated with a decrease sGC protein expression and enzymatic activity (17, (25) (26) (27) . Analogues of cAMP decrease sGC subunit mRNA and enzyme activity in rat fetal lung fibroblasts (28) , aortic smooth muscle cells (29) , and pheochromocytoma (PC12) cells (30) . Similarly, agents such as sodium nitroprusside and SIN-1, which increase intracellular cGMP, also decrease sGC subunit mRNA levels and enzymatic activity in rat medullary interstitial cells (27) . Nerve growth factor has been shown to decrease sGC subunit mRNA levels (via mechanisms dependent on protein tyrosine phosphorylation and Ras activation) and enzymatic activity in rat pheochromocytoma PC12 cells (30) . More recently, Takata and coworkers have demonstrated that cytokines, such as interleukin-1␣ and tumor necrosis factor-␣, decrease sGC through NO-dependent and -independent mechanisms (16) .
The effect of hypoxia on sGC expression has been a source of controversy. Using rats exposed to hypoxia for 2 and 7 d, Crawley and colleagues (12) demonstrated that acetylcholine and sodium nitroprusside relaxed rings obtained from main pulmonary arteries of normoxic animals by elevating cGMP, but failed to do so in rings obtained from hypoxic animals. The authors concluded from these indirect studies that chronic hypoxic exposure results in a selective impairment of sGC activity in rat pulmonary arteries (12) .
However, a report by Li and associates (13) suggests that exposure of rats to hypoxia (1-21 d) significantly upregulates pulmonary sGC expression as assessed by immunoblot analysis, immunohistochemistry, and sGC enzyme activity. The authors demonstrated that, in lungs of rats exposed to hypoxia, pulmonary sGC ␣1-subunit protein levels increased 2-fold (at 3, 5, and 21 d of hypoxia), and increased expression of sGC was detected in the smooth muscle cells of the pulmonary arteries and arterioles (13) . The discrepancy between the latter study showing increased expression of sGC in response to hypoxia, and the present study showing decreased expression of sGC in response to hypoxia, is difficult to reconcile at the present time. Both studies examined expression of sGC in response to hypoxia in the same species. However, the study by Li and coworkers examined sGC expression in distal pulmonary artery smooth muscle cells, and presumably newly muscularized arterioles, whereas the present study, as well as the study by Crawley and colleagues, studied the impact of hypoxia on smooth muscle cells from the proximal pulmonary arteries. Other obvious differences between the study by Li and coworkers and the present study include length of exposure to hypoxia (days versus hours of hypoxia exposure) and in vivo versus in vitro experiments, respectively.
There have been previous examples of discrepancy in findings between in vivo and in vitro studies, in particular when they relate to hypoxia. A relevant example is the response of endothelial NOS (eNOS) expression to a hypoxic stimulus. Reports by McQuillan and associates (9) and Liao and colleagues (2), both done on cultured endothelial cells, showed decreased eNOS gene expression in response to acute hypoxia (i.e., 24 h). Conversely, studies by Shaul and coworkers (31) and Le Cras and associates (10), both using chronic exposure of rats to hypoxia (i.e., 7 d and 3 wk, respectively), found increased pulmonary eNOS expression. Although such divergence in the NO/cGMP expression between in vivo and in vitro systems has not been adequately explained, several reasons could be invoked. Cell-cell interaction and signaling are phenomena likely to significantly alter individual gene expression in vivo. For instance, decreased or increased endothelial NOS expression may directly affect smooth muscle cell cGC expression. For example, the increase in pulmonary sGC expression observed in vivo in response to chronic hypoxia (13) appears to be related to endothelial NOS expression or eNOS-derived NO, because congenital disruption of eNOS is associated with lower concentrations of lung cGMP and no change in sGC protein levels as compared with wild-type (eNOS ϩ/ϩ ) animals exposed to normoxic conditions or during the development of hypoxia-induced pulmonary hypertension (32) . Shear stress, which is operative in vivo but not in usual in vitro conditions, is quite likely to alter both NOS and sGC expression. Shear stress is known to upregulate eNOS expression (33) , and there is evidence that it might also stimulate the sGC/cGMP system. For example, shear stress has been reported, at least in cultured endothelial cells, to elevate cGMP via an NO-dependent mechanism. This effect appears to be mediated by a unique signal transduction pathway that is coupled to a pertussis toxin-sensitive G protein and which requires the activity of an endothelial potassium channel (34) . Stimulation of the cGMP system by shear stress was also demonstrated in vivo by Qiu and coworkers (35) . Flow-induced release of cGMP was determined to be significantly greater in spontaneously hypertensive rats as compared with control Wistar Kyoto rats. The authors concluded that upregulation of the NO/cGMP pathway occurred to compensate for the increased vascular tone in spontaneously hypertensive rats (5) . Therefore, one might speculate that increased expression of sGC observed in vivo may be related, at least in part, to the observed elevation in pulmonary artery pressure in the hypoxic animals (13) as well as shear stress involving the pulmonary circulation.
Our findings of decreased cellular cGMP synthesis in response to hypoxia are consistent with a recent report by Agullo and colleagues describing a significant decrease in cGMP synthesis in cardiomyocytes in response to ischemia (19) . However, significant differences between the two studies are worth noting. Although Agullo and coworkers observed a Ͼ 50% decrease in particulate GC (pGC)-dependent synthesis, they reported no change in sGC-dependent cGMP synthesis. In addition, the decrease in pGC-mediated synthesis was related to intracellular acidosis. In the present study, intracellular pH was unaltered by hypoxia and, therefore, could not account for changes in GC. Discrepancies in findings related to sGC may be related to differences in hypoxia exposure time (2 h in the study by Agullo and associates versus several hours in the present study) and differences in cell types (cardiomyocytes versus SMC). In addition, whereas our studies examined the effects of hypoxia on sGC gene expression and activity, conclusions by Agullo and coworkers inferring changes in GC were reached indirectly (i.e., assessment of cGMP synthesis in response to NO donors and natriuretic peptides for sGC-and pGC-mediated cGMP changes, respectively).
Finally, we demonstrated that both sGC gene expression and activity were significantly decreased by exposure to hypoxia and, therefore, postulated that these changes would result in decreased cellular cGMP. However, decreased cGMP may also be the result of increased phosphodiesterase activity as recently reported by Jernigan and Resta (36) . In that study, the authors demonstrated that altered vasodilator reactivity to NO in rats exposed to chronic hypoxia for 4 wk is related to increased degradation of cGMP by the cGMP-specific phosphodiesterase 5, as well as decreased pulmonary vascular smooth muscle sensitivity to cGMP (36) . Therefore, decreased cGMP synthesis and/ or availability in response to hypoxia may be multifactorial.
The present study was limited to the expression and activity of sGC in response to hypoxia. However, cGMP can also be synthesized by the natriuretic pathway which operates through pGC. This pathway appears to be the primary source of cGMP synthesis in hypoxia-induced pulmonary hypertension (37) . In addition, exposure of animals to hypoxia elevates both atrial and brain natriuretic peptides (ANP and BNP), which act through cGMP to limit the rise in pulmonary vascular resistance and right ventricular load in response to chronic hypoxic exposure (38) . The role of the natriuretic pathway in chronic hypoxia is further demonstrated by the higher basal right ventricular systolic pressure in mice lacking the guanylyl-cyclase-linked natriuretic peptide receptor NPR-A (NPR-A Ϫ/Ϫ ), as compared with wild-type mice (NPR-A ϩ/ϩ ) (39). Taken together, these studies suggest that, as opposed to sGC which is downregulated by hypoxia, pulmonary vascular pGC may respond to increased ANP and BNP levels to modulate vasoconstriction in response to hypoxia.
In summary, this report suggests that hypoxia downregulates sGC subunit gene and protein expression as well as enzyme activity in cultured rPaSMC. We speculate that mechanisms other than the direct effects of hypoxia (e.g., shear stress, eNOSderived NO) on sGC subunit gene regulation might be responsible for the upregulation of lung sGC previously observed in vivo (13) .
